Stewart N, Chade AR. Renoprotective effects of hepatocyte growth factor in the stenotic kidney. Am J Physiol Renal Physiol 304: F625-F633, 2013. First published December 26, 2012 doi:10.1152/ajprenal.00504.2012 damage and loss contribute to the progression of renal injury in renal artery stenosis (RAS). Hepatocyte growth factor (HGF) is a powerful angiogenic and antifibrotic cytokine that we showed to be decreased in the stenotic kidney. We hypothesized that renal HGF therapy will improve renal function mainly by protecting the renal microcirculation. Unilateral RAS was induced in 15 pigs. Six weeks later, single-kidney RBF and GFR were quantified in vivo using multidetector computed tomography (CT). Then, intrarenal rh-HGF or vehicle was randomly administered into the stenotic kidney (RAS, n ϭ 8; RASϩHGF, n ϭ 7). Pigs were observed for 4 additional weeks before CT studies were repeated. Renal MV density was quantified by 3D micro-CT ex vivo and histology, and expression of angiogenic and inflammatory factors, apoptosis, and fibrosis was determined. HGF therapy improved RBF and GFR compared with vehicle-treated pigs. This was accompanied by improved renal expression of angiogenic cytokines (VEGF, p-Akt) and tissue-healing promoters (SDF-1, CXCR4, MMP-9), reduced MV remodeling, apoptosis, and fibrosis, and attenuated renal inflammation. However, HGF therapy did not improve renal MV density, which was similarly reduced in RAS and RASϩHGF compared with controls. Using a clinically relevant animal model of RAS, we showed novel therapeutic effects of a targeted renal intervention. Our results show distinct actions on the existing renal microcirculation and promising renoprotective effects of HGF therapy in RAS. Furthermore, these effects imply plasticity of the stenotic kidney to recuperate its function and underscore the importance of MV integrity in the progression of renal injury in RAS. kidney; HGF; renal artery stenosis; microcirculation; remodeling; imaging MICROVASCULAR (MV) dysfunction, damage, and/or rarefaction are often observed in target organs during the progression of hypertension, diabetes, and cardiovascular disease. In turn, evidence supports a central pathophysiological role for MV dysfunction and damage in promoting cardiovascular diseaseinduced organ injury (29), underscoring a cause-effect relationship between MV disease and the pathophysiology of organ damage. In the kidney, glomerular and peritubular MV damage and loss have been linked to renal functional impairment and progression of renal damage in chronic renal disease (irrespective of the etiology) (17) and renal graft function (41). Indeed, renal MV disease is an important contributor to the progression of renal injury (23, 40) and an important determinant of whether treatments are effective (7).
MICROVASCULAR (MV) dysfunction, damage, and/or rarefaction are often observed in target organs during the progression of hypertension, diabetes, and cardiovascular disease. In turn, evidence supports a central pathophysiological role for MV dysfunction and damage in promoting cardiovascular diseaseinduced organ injury (29) , underscoring a cause-effect relationship between MV disease and the pathophysiology of organ damage. In the kidney, glomerular and peritubular MV damage and loss have been linked to renal functional impairment and progression of renal damage in chronic renal disease (irrespective of the etiology) (17) and renal graft function (41) . Indeed, renal MV disease is an important contributor to the progression of renal injury (23, 40) and an important determinant of whether treatments are effective (7) . Almost 15% of patients with renal artery stenosis (RAS) develop intractable hypertension or progressive loss of kidney function (15) . RAS is the main cause of chronic renovascular disease (RVD), a disorder capable of inducing severe, progressive, and irreversible renal dysfunction and damage. We previously showed in a model of experimental RVD that the kidney exhibits progressive MV dysfunction, damage, and gradual loss that correlate with deterioration of renal function and marked renal fibrosis (11, 23, 50) . These findings suggest a potential instigating role of MV disease in the initiation and progression of renal damage.
We have recently shown that the renal microvasculature is susceptible to repair and proliferation. For example, a single administration of the proangiogenic vascular endothelial growth factor (VEGF) into the stenotic kidney reversed MV rarefaction, renal dysfunction, and attenuated fibrosis (8, 23) . However, the renal MV protection afforded by VEGF is not complete, making the identification of novel therapeutic interventions to modify the progression of renal injury an important clinical goal. Nevertheless, targeted renoprotective interventions in RVD are still limited.
Hepatocyte growth factor (HGF) is a mesenchyme-derived pleiotropic antifibrotic factor and a powerful stimulator of angiogenesis that is constitutively produced in the adult kidney (30) . HGF stimulates proliferation and migration of endothelial and vascular smooth muscle cells and promotes vascular proliferation and repair directly and by interactions with other angiogenic cytokines (20) . We previously showed that renal expression of HGF is decreased in the stenotic kidney (12, 24) , but whether and how administration of HGF may serve as a renoprotective agent in RVD have never been investigated. The current study was designed to determine the potential for using HGF therapy in the stenotic kidney. We hypothesized that a therapeutic intrarenal administration of HGF will improve renal function in the stenotic kidney mainly by protecting the renal microcirculation. Furthermore, this study also aimed to establish the underlying mechanisms of HGF-induced renoprotection.
MATERIALS AND METHODS

In Vivo and Ex Vivo Studies in the Stenotic Kidney
The Institutional Animal Care and Use Committee at the University of Mississippi Medical Center approved all the procedures. Twentythree prejuvenile domestic pigs were observed for 10 wk. In 15 pigs, unilateral RAS (a surrogate and cause of RVD) was induced at baseline, as previously shown (9, 10, 28) . Additional animals were used as normal controls (normal, n ϭ 8). Blood pressure was chronically measured using telemetry (PhysioTel, Data Sciences International) (9, 10, 23, 28) .
Six weeks after induction of RAS, the pigs were anesthetized with intramuscular telazol (5 mg/kg) and xylazine (2 mg/kg), intubated, and mechanically ventilated on room air. Anesthesia was maintained with a mixture of ketamine (0.2 mg·kg Ϫ1 ·min Ϫ1 ) and xylazine (0.03 mg·kg Ϫ1 ·min Ϫ1 ) in normal saline and administered via an ear vein cannula (0.05 ml·kg Ϫ1 ·min Ϫ1 ). Renal angiography was performed in all pigs under fluoroscopic guidance, and stenosis was quantified, as previously described (23) . After angiography, the catheter was positioned in the superior vena cava, and in vivo helical multidetector computer tomography (MDCT) flow studies were performed for quantification of single-kidney renal blood flow (RBF; ml/min), perfusion (ml·min Ϫ1 ·g tissue Ϫ1 ), and glomerular filtration rate (GFR; ml/min), as previously validated (9, 13, 27) .
Immediately after completion of the 6-wk MDCT in vivo studies (and before the values of RBF and GFR were known), all RAS pigs were randomized into two groups: those that received vehicle (RAS, n ϭ 8) and those treated with a single intrarenal infusion of recombinant human (rh)-HGF (2 g, RASϩHGF, n ϭ 7), as described recently (7, 23) . The pigs were then observed for 4 additional wk, in vivo studies were repeated at 10 wk, and renal-derived CT data analysis was completed a few days later. Renal vascular resistance was calculated at 6 and 10 wk (measured during the in vivo studies) as described (8) . Blood from the inferior vena cava and renal veins (from the stenotic kidney) were collected at 6 and 10 wk to measure plasma renin activity (PRA) and serum creatinine (SCr), as described (8, 9, 23) .
Two days after completion of all the in vivo studies, the pigs were euthanized by an overdose administration of pentobarbital sodium (100 mg/kg iv). The kidneys were then removed and immersed in heparinized saline (10 units/ml). One lobe was used for micro-CT reconstruction, while another lobe was sectioned, snap-frozen in liquid nitrogen, and stored at Ϫ80°C to quantify the protein expression of the angiogenic and survival factors hypoxia-induced factor (HIF)-1␣, VEGF, angiopoietin (Ang)-1, phosphorylated endothelial nitric oxide synthase (p-eNOS), p-Akt, HGF and its cMet receptor, transforming growth factor (TGF)-␤, and the specific smad-4 and -7 receptors, tissue-transglutaminase (tTg), matrix metalloproteinase (MMP)-9, and the specific inhibitor TIMP-1. Furthermore, expression of neutrophil gelatinase-associated lipocalin (Ngal), proinflammatory nuclear-factor-(NF-B), TNF-␣, and monocyte chemoattractant protein (MCP)-1 was also measured. Renal tissue was also used to quantify the activity of superoxide dismutase, a potent scavenger of reactive oxygen species (ROS), by ELISA (Superoxide Dismutase Activity Colorimetric Assay Kit, Abcam, Cambridge, MA). Finally, another portion of the kidney was preserved in 10% formalin and used to study renal morphology, MV remodeling, tubular damage, and apoptosis in midhilar renal cross sections stained with trichrome and hematoxylin and eosin (H&E), respectively (23, 25) .
MDCT analysis. Manually traced regions of interest were selected in MDCT images in the aorta, renal cortex, medulla, and papilla, and their densities were sampled. Time-density curves were generated and fitted with extended gamma-variate curve fits. The area under each segment of the curve and its first moment were calculated using curve-fitting parameters and used to calculate single-kidney RBF (ml/min), GFR (ml/min), and regional perfusion (ml·min Ϫ1 ·g tissue min Ϫ1 ) using previously validated methods (13, 27) . Micro-CT. The stenotic kidney was perfused (Syringe Infusion Pump 22, Harvard Apparatus, Holliston, MA) with an intravascular contrast agent (Microfil MV122, Flow Tech, Carver, MA). The kidney samples were scanned at 0.3-in. increments using a micro-CT scanner and reconstructed at 9-m resolution for subsequent analysis using the Analyze software package (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN), as previously described (23) . The cortex was tomographically divided, and the spatial density and distribution of microvessels (diameters under 200 m) and vascular volume fraction (the ratio of the sum of cross-sectional areas of all vessels and the total area of the region of interest) were calculated, as previously described (23) .
Western blotting of renal cortical tissue homogenates was performed, as previously described (10) . Specific polyclonal antibodies against HIF-1␣ (1:1,000 for both, Cell Signaling, Boston, MA), VEGF, p-Akt, p-eNOS (1:200 for all, Santa Cruz Biotechnology, Santa Cruz, CA), SDF-1 and the specific CXCR4 receptor, and Ang-1 (1:1,000, Abcam, Cambridge, MA,) were used. Furthermore, renal expression of TGF-␤ (1:1,000, Abcam) and the specific smad-4 and -7 receptors (1:200 for both, Santa Cruz Biotechnology), tTg, MMP-9, and TIMP-1 (1:1,000, Cell Signaling) were also quantified. In addition, renal expression of Ngal (1:200, Santa Cruz Biotechnology) and proinflammatory NF-B, TNF-␣ (1:300 for both, Santa Cruz Biotechnology), and MCP-1 (1:200, Abcam) were also measured. ␤-Actin (1:500, Sigma, St. Louis, MO) served as a loading control. Protein expression (1 band per animal) was quantified by densitometry and averaged per group.
Histology. Midhilar 5-m paraffin-embedded cross sections of each kidney (1 per animal) stained with trichrome were examined, staining was semiautomatically quantified (NIS Element 3.0, Nikon Instruments, Melville, NY), and expressed as the percentage of staining of the total surface area, as described (9, 23) . The percentage of sclerotic glomeruli was determined by recording the number of sclerotic glomeruli of 100 counted glomeruli, and the MV media-tolumen ratio was quantified, as previously described (9, 23) . The immunoreactivity against HGF and its specific receptor cMet (1:50 for both, Santa Cruz Biotechnology) was determined in renal cross sections (1 per animal) following standard procedures (8) . Finally, for quantification of renal tubular casts, 10 -15 randomly selected fields per slide (1 per animal) were chosen in a blind manner and quantified separately by two independent observers (N. Stewart and A. R. Chade). Using ϫ20 magnification, tubular casts were graded as follows: no damage (0), mild (ϩ1, unicellular patchy isolated damage), moderate (ϩ2, damage Ͻ25%), severe (3ϩ, damage between 25 and 50%), and very severe (ϩ4, Ͼ50% damage) as previously shown (45) .
Apoptosis. The fraction of apoptotic cells was calculated in renal cross sections stained with H&E. Around 15-20 tubule-interstitial and glomerular randomly selected regions in the stenotic (or normal) kidney of each pig were used. The fraction of apoptotic cells was calculated and expressed as a percentage of apoptotic cells (of the total number of cells) per field, as shown (25) .
Statistical Analysis
Results are expressed as means Ϯ SE. Comparisons within groups were performed using a paired Student's t-test and among groups using one-way ANOVA, with the Bonferroni correction for multiple comparisons. Statistical significance was accepted for P Յ 0.05.
RESULTS
In Vivo Studies
General characteristics. Body weight was similar in all pigs after 6 wk, and they all showed a similar weight gain at 10 wk (Tables 1 and 2 ). The angiographic degree of stenosis was similar in RAS and RASϩHGF-treated animals after 6 and 10 wk (Tables 1 and 2 , respectively, P Ͻ 0.01 vs. normal). However, administration of rh-HGF at 6 wk was followed by a lower blood pressure at 10 wk compared with placebo-treated RAS pigs (Table 2) . PRA was similar among the groups (Tables 1 and 2 ), consistent with our previous studies using this model of chronic renovascular hypertension (9, 23) . On the other hand, the increased RVR after 6 and 10 wk of RAS (Tables 1 and 2 ) was decreased in RAS after administration of HGF (Table 2) .
MDCT-derived single-kidney hemodynamics and function. Consistent with our previous work, basal RBF and GFR were reduced to a similar degree in the stenotic kidney of all RAS animals at 6 wk (23) and was accompanied by elevated SCr (Table 1) , which remained unchanged in placebo-treated RAS after 10 wk. However, RBF, GFR, and SCr were significantly improved compared with the 6-wk pre-HGF hemodynamics (Table 2) . Furthermore, the improvements were also significant compared with placebo-treated RAS animals (albeit not normalized) at 10 wk (Table 2 ). These beneficial effects on renal hemodynamics were accompanied by an increased activity of superoxide dismutase in the stenotic kidney, suggesting augmented renal scavenging of reactive oxygen species after HGF therapy ( Table 2) .
Ex Vivo Studies in the Stenotic Kidney
Renal expression of angiogenic factors. rh-HGF in the stenotic kidney increased the renal expression of HGF and cMet in endothelial cells and renal tubules in the stenotic kidney (Fig. 1) . Furthermore, administration of rh-HGF restored the renal expression of HIF-1␣, VEGF, p-eNOS, p-Akt, and Ang-1, augmented the expression of SDF-1 and CXCR4, and decreased the expression of endostatin (Fig. 2) .
MV 3D architecture. The density of microvessels with diameters Ͻ200 M were similarly and significantly decreased throughout the renal cortex and medulla in the stenotic kidney of RAS and RASϩHGF animals after 10 wk (P Ͻ 0.05 vs. normal, Fig. 3, left) . Administration of rh-HGF did not modify MV density, indicating a null effect on renal MV proliferation despite the augmented expression of proangiogenic factors in the HGF-treated kidney.
MV remodeling. Administration of rh-HGF in the stenotic kidney decreased the expression of tTg and improved the expression of MMP-9 and TIMP-1. These were accompanied by a normalized media-to-lumen ratio, suggesting a protective effect on the preexisting vasculature (Fig. 3, right) .
Renal morphology. Fibrosis and patchy inflammatory infiltrates in the stenotic kidney were evident in the cortex, while no significant changes were observed in the renal medulla. Treatment with rh-HGF in the stenotic kidney resulted in a decrease in renal damage, accompanied by decreased expression of TGF-␤ and smad-4, increased smad-7, and a decreased expression of proinflammatory NF-B (P Ͻ 0.05 vs. RAS, Fig. 4,  A and B) , although TNF-␣ and MCP-1 remained similarly (Fig. 4C) . Renal apoptosis. Apoptosis was attenuated after administration of rh-HGF therapy in both glomerular and tubule-interstitial compartments in the stenotic kidney, albeit not normalized (normal: 5.5 Ϯ 0.3%, RAS: 13.53 Ϯ 2.3%, and RASϩHGF: 7.4 Ϯ 0.2%; P Ͻ 0.05 vs. normal and RAS).
DISCUSSION
The current study shows that a single intrarenal administration of rh-HGF significantly reduced the damage of the renal parenchyma in the stenotic kidney. The HGF-treated kidney showed an improved RBF and GFR compared with not only vehicle-treated pigs but also pre-HGF renal function. These effects were accompanied by a marked decrease in renal MV remodeling and damage despite a similar reduction in cortical or medullary MV density in both placebo-and HGF-treated kidneys. Thus these results suggest that HGF therapy has a protective effect on the preexisting renal microcirculation and can reverse renal injury in the stenotic kidney. Furthermore, they support feasibility and potential of rh-HGF administration as a therapeutic tool in RVD.
HGF is a mesenchyme-derived pleiotropic growth factor. It is a powerful stimulator of angiogenesis and renal epithelial tubule healing that stimulates renal regeneration by promoting cell survival, vascular proliferation, and decreased apoptosis and fibrosis (5, 14, 35) . HGF, which is produced constitutively in the adult kidney (30) , stimulates proliferation and migration of both endothelial and vascular smooth muscle cells via binding its specific and ubiquitous c-Met receptor. HGF induces angiogenesis and tissue regeneration and seems to be a central player in the angiogenic cascade both by activation of and synergistic interactions with other angiogenic cytokines, such as VEGF (20) . HGF has also been shown to increase eNOS, an essential factor in mediating angiogenesis and endothelial function via production of nitric oxide (NO) (31, 44) and is an important regulator of VEGF-mediated angiogenesis. Another factor stimulated by HGF is Akt (32), a key intercel- lular signaling factor that interacts, regulates, and improves the maturation and permeability of angiogenic vessels, cell survival, and decreases apoptosis. It also closely interacts with eNOS and regulates NO production as well (1) . Furthermore, HGF stimulates angiopoietins, a widely expressed family of growth factors that act as promoters of HGF (26) and directly promote proliferation, mobilization, recruitment, and survival of cell progenitors (39, 42, 47, 49) . Interaction between angiopoietins and HGF regulates the communication between endothelial and mural cells, critical steps in vascular stabilization. Ang-1 in turn enhances endothelial cell survival and limits MV permeability (2, 6, 38) . We have consistently shown that the stenotic kidney has a marked reduction in the expression of angiogenic factors (23) , in addition to the decreased HGF/cMet reported in the current study. We have recently showed that the administration of exogenous VEGF into the stenotic kidney induced a marked renoprotection by promoting MV proliferation and repair and reducing renal damage (8, 23) . VEGF plays an important role as a primary defensive mechanism for the adaptive response to ischemia in the kidney (33) by initiating angiogenesis that leads to MV sprouting. In the current study, we observed that an intrarenal administration of HGF restored (and even normalized in some cases) the renal expression of proangiogenic VEGF, p-eNOS, Akt, and Ang-1, which was likely achieved via stimulation of the HGF/cMet pathway since their expression was augmented in the stenotic kidney after rh-HGF therapy. While both VEGF and HGF are powerful prosurvival cytokines (16, 48) , their effects on angiogenesis differ. VEGF promotes neovascularization mainly via distinct stimulation of endothelial cells, whereas HGF stimulates both endothelial and vascular smooth muscle cells, thus facilitating MV maturation, diminishing MV permeability, and possibly improving the functionality of the neovessels (18) . In addition to augmenting the renal expression of angiogenic factors, administration of HGF reduced the expression of antiangiogenic endostatin (3). Taken together, this evidence supports the notion of a potential proangiogenic effect after HGF administration.
Despite the suggestive renal proangiogenic effect of rh-HGF administration, renal MV density was similarly reduced in RAS and RASϩHGF kidneys, suggesting an apparent null effect on MV proliferation in the stenotic kidney. However, it is possible that the improved expression of p-eNOS and Ang-1, and reduced endostatin after administration of rh-HGF may have stimulated the repair of damaged or dysfunctional preexisting microvessels (3, 46) . Furthermore, the accompanying reduction in MV remodeling (as suggested by the normalized media-to-lumen ratio and improved renal expression of tTg and MMP-9) indicates that intrarenal rh-HGF therapy may have had a protective effect on the preexisting renal MV network.
The possibility of enhanced MV and tissue repair in the HGF-treated kidney is further supported by the augmented expression of SDF-1/CXCR4, a pivotal signaling axis that stimulates migration and homing of progenitor cells to ischemic tissues to initiate tissue repair (34, 37) . In turn, the stimulation of the SDF-1/CXCR4 axis suggests that the prolonged effects of a single dose of HGF therapy may have been initiated and sustained by an enhanced recruitment of cell progenitors that persists beyond the relatively short half-life of HGF (a few minutes). All these effects on the stenotic kidney were functionally consequential and followed by improvements in RBF, GFR, and perfusion compared with placebotreated kidneys and to pre-HGF renal function as well. HGF therapy also increased the renal activity of SOD, suggesting an augmented scavenging of reactive oxygen species in the RASϩHGF kidney. The improved redox status and increased p-eNOS may have resulted in augmented bioavailability of NO and likely contributed to the improvement in renal hemodynamics of the HGF-treated stenotic kidney at 10 wk. Furthermore, administration of HGF in the stenotic kidney reduced the presence of tubular casts and augmented the expression of Ngal, which has been shown to enhance reparative tubule formation by interactions with HGF, possibly preventing dysregulated branching during tubule repair (22) . Overall, these data first imply a cause-effect relationship and a protective role for rh-HGF administration on the renal parenchyma of the stenotic kidney. This is also supported by the improvement in SCr in RASϩHGF and by the halted progression of hypertension after administration of rh-HGF. It is possible that the remaining renal injury in the stenotic (and contralateral) kidney may partly explain the absence of a more profound effect on blood pressure after HGF administration. However, the reasons are not entirely clear and warrant further investigation.
HGF has also been shown to be a powerful antifibrotic cytokine and a critical promoter of extracellular matrix removal in the kidney by counteracting the profibrotic effects of TGF-␤ and promoting the activity of MMPs (14, 36) . MMPs are also pivotal enzymes for the normal expansion and development of MV networks and balance of angiogenic factors that maintain normal renal structure (4, 10, 43) . Furthermore, TGF-␤ has been shown to induce apoptosis in MV and glomerular endothelial cells and to downregulate the signaling of angiogenic survival factors, enhancing the susceptibility of endothelial cells to undergo apoptosis (4) . We observed that administration of HGF significantly reduced the renal expression of TGF-␤ and smad-4. This was accompanied by an increased expression of the inhibitor smad-7, increased expression of cleaved MMP-9, and reduced expression of TIMP-1 in the stenotic kidney, suggesting an overall decreased in profibrotic activity. Furthermore, the augmented renal expression of SDF-1/CXCR4 may suggest that HGF therapy stimulated tissue repair (37) . Consequently, we observed a significant attenuation of tubule-interstitial and perivascular fibrosis, glomerulosclerosis, and renal apoptosis, supporting the notion of a significant reduction in renal injury after administration of rh-HGF. On the other hand, administration of HGF therapy in the stenotic kidney reduced the expression of NF-B, suggesting a decrease in proinflammatory activity. Previous studies showed that anti-inflammatory actions of HGF are partly mediated by disruption of NF-B signaling (19, 21) . However, HGF therapy did not reduce the expression of MCP-1 and TNF-␣ in the stenotic kidney, which may explain the persistence of some inflammatory infiltrates in the HGF-treated kidneys.
Limitations and Perspectives
A potential limitation of the current study could be that the single intrarenal infusion of rh-HGF was applied at a relatively early stage of RVD. Hence, future studies using HGF therapy at more advanced stages of RVD and renal damage will contribute to determining the full potential of this intervention. However, we believe that the marked improvements in renal function and damage, with no evident adverse effects, are promising and may open new avenues for future research into the clinical utility of HGF as a therapeutic option for renal disease. Finally, while we are aware that additional research is needed to further elucidate the underlying mechanisms, this study represents an important proof of concept that administration of HGF may have clinical value.
In summary, using an established clinically relevant largeanimal model that mimics chronic RVD, the current study shows promising therapeutic effects of a targeted renal intervention. The apparent absence of collateral or adverse effects in this study supports the potential of rh-HGF as a feasible therapeutic alternative to protect the stenotic kidney. The distinct effects of rh-HGF on the renal parenchyma implies plasticity of the stenotic kidney to recuperate its function, underscores the importance of MV integrity on the progression of renal injury, and suggests a protective effect of HGF therapy on the existing renal microcirculation. Interventions that slow, stop, or reverse the progression of renal damage (e.g., renal dysfunction, MV remodeling, renal fibrosis) would be valuable to improve the chances of recovery in patients with RVD.
